IntroDuctIon
Dicationic (diphosphine)palladium(II) complexes are widely used in asymmetric catalysis, and have been shown particularly to have broad generality for the functionalization of chelating Michael donors containing enolizable carbon pronucleophiles (e.g., β-ketoesters, malonate esters, silyl enol ethers), where stereogenic C-C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , C-N 13 , C-F [14] [15] [16] [17] [18] [19] [20] and C-O 21, 22 bonds can be constructed. In contrast, these dicationic palladium complexes are also among the most effective catalyst systems for the conjugate addition of aromatic amines to chelating Michael acceptors [23] [24] [25] [26] [27] [28] [29] . The use of these catalysts in other types of reactions (with more limited reaction scope) includes hydroamination 30, 31 , Friedel-Crafts 32 , as well as [2 + 2] (ref. 33 ) and [4 + 2] (ref. 34 ) cycloaddition reactions. Compared with other transition metal-based Lewis acid catalysts, the dicationic palladium complexes are much more stable in air and moisture, and can generally be used in lower catalytic loadings.
The catalyst can be used in one of two forms ( Fig. 1) , either as a monomeric dicationic bis-solvate complex (I), which acts primarily as a Lewis acid, or as the dimeric hydroxyl-bridged complex (II), which has dual Lewis acid-Brønsted base properties. The bis(aqua) complex of the bis(trifluoromethanesulfonate) salt (solv = H 2 O, X = CF 3 SO 3 ) is, by far, the most typical example, although the nature of the coordinated solvate (solv = CH 3 34 . The coordinated water molecule can be easily deprotonated to form the dimeric complex II. Complexes of other congeners of BINAP, such as tol-BINAP, SEGPhos and others, are also reported, and are known to be more effective for certain catalytic reactions 8 . A common route to dicationic palladium(II) complexes uses silver salts to abstract halides from the corresponding [(diphosphine)PdCl 2 ] complex in wet acetone 9 or acetonitrile 30 ; however, the method has drawbacks, namely, the preparation requires the addition of at least two equivalents (often in excess) of the silver salt to the corresponding [(diphosphine)PdX 2 ] complex (where X = Cl or Br). As a result, careful and/or repeated recrystallization of the resultant complex is required to remove all traces of silver salt, which may also be catalytically active, inducing a competitive formation of racemic products, compromising the enantioselectivity of the reaction.
In 1994, the preparation of Pd(OTf) 2 ·2H 2 O was described by Murata and Ido 35 , by the reaction of palladium(II) salts with trifluoromethanesulfonic (triflic) acid, who also showed that they can be used as effective catalyst precursors for the synthesis of [(diphosphine)Pd(OTf) 2 ] complexes. However, only achiral phosphine ligands were used, and, consequently, asymmetric catalysis was not demonstrated. We have subsequently shown that this palladium salt can be used to generate chiral catalysts from chiral diphosphines, and we have demonstrated their utility in the asymmetric catalytic reactions, either as a catalyst precursor to generate (diphosphine)palladium(II) complexes in situ for ligand screening 22, 26 or to prepare isolated complexes 26 . Here we will describe the preparation of Pd(OTf) 2 ·2H 2 O (1) in detail, from commercially available reagents; we will also describe how it can be used to generate [(R-BINAP)Pd(OH 2 ) 2 ][OTf] 2 (2) and [(R-BINAP)Pd(µ-OH)] 2 [OTf] 2 (3) complexes (Fig. 2) . Boxes 1 and 2 show how (2) and (3) can be used to attain highly enantioselective Michael addition of aromatic amines to N-alkenoyl carbamates, using the reaction of (2E)-but-2-enoylcarbamate and aniline as an example (Fig. 3) . Catalyst 2 can be used in the addition of non-nucleophilic aromatic amines to α-, β-unsaturated Michael acceptors containing 1,3-dicabonyl chelating moieties, such as N-alkenoyl oxazolidinones 23 , carbamates 24 or imides 36 (Box 1). For the addition of nucleophilic aromatic amines, however, the reaction is more effective when the amine is used as a salt, in combination with catalyst 3 (Box 2) 25, 28, 29 , to provide a buffered environment, where catalyst deactivation by amine binding to the Lewis acidic center can be minimized. The products may be hydrolyzed to furnish the corresponding N-aryl-β-amino acids or amides 24 .
Experimental design
Because of the highly corrosive nature of nitric and triflic acids, added precautions are necessary to avoid direct contact with these reagents during the preparation of Pd(OTf) 2 ·2H 2 O. Nitric acid is also highly corrosive to metals, and thus the use of a glass vacuum oven (Fig. 4) 
Figure 2 | Reaction scheme. 
MaterIals

REAGENTS
Pasteur pipettes Pyrex centrifuge tubes (20 ml) Erlenmeyer flasks (100, 500 ml) Centrifuge machine (MSE) Glass vacuum oven for sample drying (Büchi, Fig. 4 ) High-vacuum pump (Leybold Vacuum) Disposable needles (120, 50 mm) Funnels (diameter 55, 80 mm) Pump (max pressure 100 mm Hg) Heavy-wall flat-bottomed filter flasks (500 ml) Filtration funnel (diameter 4.5 mm, porosity 2) Separatory funnel (100 ml) Melting point apparatus (Electrothermal Gallenhamp) Polarimeter (Optical Activity) REAGENT SETUP Anhydrous solvents (dichloromethane and diethyl ether) These are obtained using a solvent purification apparatus, by passing them through columns of activated molecular sieves under N 2 . They should be used immediately. Aqueous NaOH (0.07 M) This solution is prepared by dissolving NaOH pellets (0.28 g, 7.00 mmol) in distilled water (100 ml). It should be used immediately.
EQUIPMENT SETUP Preparation of palladium triflate
The Schlenk tube and stirring bar are oven-dried at 100 °C overnight (Fig. 5) . The Schlenk tube is attached to a N 2 /vacuum double manifold via a side-arm adaptor, placed on top of the Schlenk tube (labeled A). The top of the adaptor is then sealed with a rubber septum (closing the tap on the side of the Schlenk tube then gives a sealed vessel that can be purged). The hose connector on the side of the Schlenk tube (labeled B) is connected via plastic tubing to a Dreschel bottle containing a saturated aqueous K 2 CO 3 solution (labeled C), which acts as an acid scrubber for the waste stream. The glass vacuum oven for drying is set up at 120 °C. The centrifuge is set up at 1,500g at room temperature.
• 
2|
Attach the flask to a Schlenk line via the tubing adaptor (labeled A), and evacuate the flask by applying vacuum for 10 min with magnetic stirring and then fill it with nitrogen gas under a slightly positive pressure.
3|
Release the tap on the Schlenk tube's side arm (labeled B), such that a steady stream of nitrogen flows from the flask into the Dreschel bottle containing a solution of saturated aqueous K 2 CO 3 (acid scrubber). Set the flow rate to ~3 bubbles per second.
4|
With the magnetic stir bar set to rotate at 400 r.p.m., add triflic acid (7.30 ml, 83.00 mmol) dropwise to the flask using a disposable plastic syringe. Fuming (nitric acid vapor) should be immediately visible (Fig. 6) . Maintain a rate of addition such as to allow for a slow but steady quench of the acid vapor by the acid scrubber. After complete addition, allow the resultant mixture to stir at room temperature for a further 2 h. ! cautIon Maintain a steady flow of nitrogen through the apparatus throughout the procedure to purge the nitric acid fumes and to ensure that K 2 CO 3 solution cannot be drawn back into the reaction vessel, which can cause a violent reaction with triflic acid.
5| By using a wide pipette, transfer the lilac slurry in roughly equal quantities to two centrifuge tubes (Fig. 6) , seal them with rubber septae and centrifuge at 1,500g for 5 min at room temperature. • THF, anhydrous ! cautIon It is highly flammable and an irritant.
• Ethyl acetate (VWR) ! cautIon It is highly flammable and an irritant.
• Hexane (VWR) ! cautIon It is highly flammable, toxic and an irritant.
• Hexane HiPerSolv CHROMANORM, for HPLC (VWR, CAS 110-54-3) ! cautIon It is highly flammable, toxic and an irritant.
• Isopropyl alcohol HiPerSolv CHROMANORM, for HPLC (VWR) ! cautIon It is highly flammable and an irritant.
• Silica gel Geduran Si 60 (Merck, cat. no. 111567) ! cautIon It is a known carcinogen. Do not breathe dust.
• Thin-layer chromatography silica gel 60 F 254 aluminum sheets (Merck, cat. no. 105554) ) under a nitrogen atmosphere (ambient temperature). When the addition is complete, the reaction mixture is stirred for a further 3 h. The color of the reaction mixture turns deep orange by the end of the reaction.  crItIcal step Fast addition of aniline can cause significant yield deterioration because of the deactivation of the catalyst. 4. Transfer the reaction mixture into a round-bottom flask (50 ml) and concentrate to dryness using a rotary evaporator.  crItIcal step Do not heat the water bath over 35 °C, in order to avoid possible racemization of the product. 5. Pack a chromatography column (diameter 35 mm, length 300 mm) with 25 g of silica using a mixture of hexane/ethyl acetate (3:2, vol/vol) as eluant. 6. Dissolve the crude product in the eluant and load it onto the packed column. 7. Add a layer of quartz sand (5 mm) on top of the column to prevent drying. 8. Elute the column under the atmospheric pressure; collect 5-ml fractions. 9. Analyze the contents of the collected fractions by thin-layer chromatography (using hexane:ethyl acetate 3:2, vol/vol); R f of the product is found at 0. 30 
6|
Remove the supernatant using a pipette, and then place the tubes in a small vacuum oven to dry at 120 °C and 0.03 mm Hg for 18 h.  crItIcal step While slurried in triflic acid, palladium(II) triflate is stable enough to be handled briefly in air.
7|
Flush the drying piston with dry nitrogen before retrieving the tubes and seal them immediately with a rubber septum. ? trouBlesHootInG  pause poInt Palladium triflate dihydrate is a pale lilac powder. It is highly moisture sensitive and must be handled avoiding contact with air and stored in a desiccator over P 2 O 5 . Other less-powerful desiccants are less effective.
Box 2 | An aza-Michael addition reaction catalyzed by [(R-BINAP)Pd(-OH)] 2 [OTf] 2 • tIMInG 22 h 15 min reaGents
• Aniline triflate: Aniline should be distilled before the reaction. Freshly distilled aniline (1.00 g, 10.70 mmol) was dissolved in dry dichloromethane (20 ml) under nitrogen, cooled to 0 °C and triflic acid (1.61 g, 10.7 mmol) was added dropwise. The resulting suspension was allowed to reach room temperature, stirred for 1 h and diluted with dry diethyl ether (20 ml). The white precipitate was filtered off, washed with diethyl ether (20 ml) and dried in high vacuum. Yield 100%, white flaky solid, m.p. 261.0-262.0 °C (dec.).
• Methyl (2E) 10 mmol) and catalyst 2 (0.038 g, 0.021 mmol, 1.5 mol%). Place them into a reaction tube equipped with a magnetic stirring bar, and purge it with nitrogen. 2. Add dry THF (2.8 ml) to the reaction tube via a syringe. A yellow solution is formed. 3. Stir the reaction mixture for 18 h at room temperature. The color of the reaction mixture turns orange by the end of the reaction. 4. Quench the reaction mixture by dropwise addition of cold saturated aqueous NaHCO 3 (5 ml) with ice bath cooling, to avoid vigorous evolution of gaseous carbon dioxide.  crItIcal step Quenching at room temperature results in a decrease in the enantiomeric purity of the product. 5. Dilute the reaction mixture with ethyl acetate (10 ml), separate the aqueous layer and extract it with ethyl acetate (5 ml). 6. Successively wash the combined organic layers with brine (5 ml) and dry them over MgSO 4 . 7. Filter the solution and remove the solvent using a rotary evaporator.  crItIcal step To avoid possible racemization of the product, do not heat the bath over 35 °C. 8. Purify the residual orange solid by column chromatography on silica gel as described above (Steps 5-11).  crItIcal step As 1.5 equivalents of aniline triflate are used, unreacted aniline can be recovered in ~80% yield. 
9|
Under an inert atmosphere of N 2 provided by an inverted funnel attached to a dry nitrogen line, add Pd(OTf) 2 ·2H 2 O (1) (2.44 g, 5.54 mmol) to the flask (Fig. 7a) .  crItIcal step To reduce exposure to air, the palladium salt should be added in a single portion. Seal the flask immediately and weigh it again to ascertain the exact quantity.
10|
Reattach the nitrogen line to the side arm and add dry acetonitrile (50 ml). The formation of an orange solution is observed. The solution will look brown/black in the presence of colloidal palladium.
11|
Remove the rubber septum and add (R)-BINAP (3.45 g, 5.54 mmol) to the solution as a single portion (Fig. 7b) . Reseal the tube and stir the reaction mixture at room temperature for 30 min. If a clear, yellow solution is obtained, Step 12 can be skipped.
12| By using a Buchner funnel, filter the solution through a short plug of Celite (~2 cm) and rinse with 10 ml of acetonitrile (Fig. 7c) .
13| Dilute the filtrate (yellow solution) with diethyl ether (300 ml). Leave the resulting solution for 30 min at room temperature to let the product precipitate (Fig. 8) . Collect the precipitated product using a frit, rubber ring and filtration funnel.
14| Dry the solid under vacuum.
? trouBlesHootInG  pause poInt The desired product is a stable yellow crystalline solid, which can be stored indefinitely at room temperature in a closed vial, purged with nitrogen. 16| By using a 20-ml syringe, add aqueous NaOH (0.07 M, 17.5 ml) in one portion (Fig. 9, left) . To stop the solvent from evaporating, seal the top of the reaction flask with an inverted septum, pierced with an escape needle to release any a b built-up pressure (Fig. 9, middle) . Stir the reaction mixture vigorously for 2 h, whereupon the solution turns a deep burgundy color (Fig. 9, right) . ? trouBlesHootInG 17| Separate the biphasic mixture in a separatory funnel; wash the organic layer with water (3 × 15 ml) and dry it over anhydrous MgSO 4 .
18| Separate the solution from the desiccant by filtration and concentrate the filtrate using a rotary evaporator.
19|
Recrystallize the crude product from dichloromethane/ diethyl ether mixture (1.5 ml/5.0 ml) and collect the product by filtration.
20| Dry the product under high vacuum.  pause poInt The desired product is a stable red-orange powder and can be stored at room temperature in a closed vial purged with nitrogen.
? trouBlesHootInG Troubleshooting advice can be found in table 1. 
Figure 9 |
Step 16: addition of aqueous NaOH and color change observed during the reaction.
• tIMInG Synthesis of (1) The appearance of these products is shown in Figure 10 .
(3-Phenylaminobutyryl)carbamic acid methyl ester prepared as described in Box 1 resulted in a yield of 76%, 93% ee, and that prepared as described in Box 2 resulted in a yield of 94%, 97% ee (Fig. 11) . The physical properties of the aza-Michael adduct are dependent on its optical purity. Racemic samples are found to have higher melting points than optically active samples 37 . In this case, the racemic and 93% ee samples appeared as solids (Fig. 12a,b) , whereas the sample containing 97% ee is a colorless viscous oil (Fig. 12c) . , hexane:IPA 95:5, vol/vol, 254 nm) t R (major) = 25.0 min, t R (minor) = 29.8 min (Fig. 11) . 1 
